Abstract-This article focuses on the development of a high gain, broadband, circularly polarized Electromagnetic Band Gap (EBG) antenna operating at 60 GHz. The designed antenna is configured with a superstrate based on a frequency selective surface (FSS) placed in front of a cross dielectric resonator antenna (XDRA), installed into a ground plane, which acts as an excitation source. A fast Leaky-Wave approach based on transverse equivalent network (TEN) is used to deduce analytical radiation patterns formulas of the proposed antenna. The proposed analytical model was implemented and verified by a comparison with both numerical and experimental results. The reported results showed very satisfactory performances with an achievable impedance bandwidth (S 11 < −10 dB) of 11.7% from 56 to 63 GHz, an axial-ratio bandwidth (AR < 3 dB) of 5.4% from 58.9 to 62.1 GHz and a stable gain of 16.7 dBi within the passband. A good agreement among analytical, numerical and measured results is successfully achieved and falls well within initially set specifications.
INTRODUCTION
In consumer, industrial and automotive areas, the demand for high-speed multimedia data communications, such as real-time video streaming file and geolocation data, is significantly increasing with time. Wireless data rates at microwave frequencies and below are currently limited to a data rate about 1 Gb/s. Therefore, one of the most obvious ways to achieve a wireless connection at a multi-gigabits rate is to use signals at millimetric wavelengths that supports high data rates which can be extended up to 10 Gb/s [1] . However, it is known that 60 GHz signals do not propagate well through obstructions since reflected and diffracted components are significantly attenuated. The polarization of the transmit antenna has a significant impact on the characteristics of reflected waves. Generally an antenna can receive either right-hand (RHCP) or left-hand circular polarization (LHCP) but significantly attenuates in the other polarization. Further, the "handiness" of the polarization can switch when a circularly polarized signal is reflected on the metalor concrete objects. This means that some multipath components could be significantly attenuated by the receive antenna. Transmitting a circularly polarized signal is a good solution to reduce multipath effects in line-of-sight (LOS) environments in the 60 GHz band [2] .
Another major disadvantage of 60 GHz millimeter-wave is that oxygen absorption and propagation losses have significant impact which cannot be neglected [3] . These situations limit the communication achievable distance link, and overcoming these disadvantages requires a Circular Polarized (CP) high gain antennas.
A dielectric resonator antenna (DRA) [4] is very interesting for millimeter wave wireless communications because of its favorable characteristics, such as dimensions, compact structure, low cost, high yield and the ability to support a multitude of excitation systems. Although DRA also has several drawbacks such as low gain and limited bandwidth, various gain enhancement methods of DRA have been reported such as using an antenna array [5] , a superstrate structure [6] , or using short horns around DRA [7] . The requirement to use circularly polarized antennas to obtain the required performances is linked to the fact that the techniques for a circular polarized DRA are still limited. In the public literature, many feeding techniques have been proposed to achieve circular polarization [8] such as exciting the DRA with a dual-coaxial probe, dual-conformal strip or with parasitic strips, rotated sequential and aperture feeds. So far there was a number of different element configurations published, including semi-elliptical DR with a hollow elliptical cylinder [9] , radiating with a stair-shaped DR [10] and feeding with a square spiral strip [11] . Although most of the configurations mentioned show good performance to generate circular polarization, achievable gain and bandwidth are still below the objectives for the 60 GHz millimeter wave band.
In this paper, a novel hybrid approach is introduced to fulfill the requirements put on the fundamental parameters, such as gain and bandwidth, which uses the concept of EBG superstrate. Furthermore, a circular polarization radiation is generated by exciting the EBG structure with a cross dielectric resonator antenna (XDRA). The proposed antenna yields simultaneous advantages, namely high gain, large bandwidth and improved boresight axial ratio over the operating band. Furthermore, it is also characterized by a simple to achieve structure and easy integration.
In the following sections, first, the details of the proposed CP design are fully described. After that, the approach used to formulate radiation characteristics of a proposed antenna is extended. And finally, the analytical, numerical and measured results are presented and discussed in view of the design requirements.
ANTENNA DESIGN

Antenna Configuration
The proposed antenna which is considered as a Fabry-Perot resonator (FP) [12] is configured with an XDRA located at the center of the ground plane and covered with an FSS superstrate. Figure 1 presents a 3D view of this novel antenna structure. To achieve an operational design at 60 GHz, the FP cavity is excited by an XDRA with dimensions of L c = 3.5 mm, W c = 2.4 mm and thickness of h c = 1.27 mm (see Figure 2 (b)). The cross is oriented at 45 degrees to an aperture coupling slot. A 50 Ω center fed microstrip line having a width W feed = 0.45 mm and length L feed = 15 mm is used to excite the cross dielectric resonator through the narrow rectangular slot having a length L s = 1 mm and width W s = 0.2 mm. A tuning stub with length p = 1 mm is added to the end of the microstrip line to optimize the matching of the antenna, and the dielectric substrate of the microstrip line has a width 20 mm, dielectric constant ε r = 2.2 and thickness h = 0.127 mm. A square EBG superstrate of width L sup = 14 mm, permittivity ε r = 10.2 and loss tangent tan δ = 0.003 is placed at a distance d s = 2.5 mm of the ground plane. In addition, printed patches (see Figure 2 (a)) are placed on the lower side of the EBG superstrate. A Rohacell foam layer of thickness 2.5 mm and permittivity 1.07 is added between the ground plane and EBG superstrate to serve as support.
The design parameter values of the proposed 60 GHz EBG antenna of Figure 2 are given in Table 1 . It should be noted that these values are not the sole possible set of acceptable values. The determinations of these values are empirical and must be based on a detailed understanding of the behavior of each of the antenna components. Normally, the design of an antenna EBG can be summarized in two major steps: firstly, the introduction of the excitation source having the most appropriate profile to achieve the desired final antenna and secondly, the involvement of the upper interface (superstrate) having required characteristics to achieve the desired gain on a predetermined operating band. The details of how the design of such an antenna can be accomplish are provided below.
Source of Excitation
First, the use of an excitation source will be discussed with the design method and the determination of an equivalent circuit. The excitation source should generate the same polarization as that of the final antenna.
From a conceptual viewpoint, the cross DRA is equivalent to the superposition of two rectangular resonators maintained orthogonal to each other. Therefore, the fabrication process for the cross DRA is simplified since the dedicated methods for a conventional rectangular DRA can be directly used.
The cross is positioned at a 45 degrees angle to an aperture coupling slot, allowing equi-amplitude excitation of the two arms of the cross. Each rectangular resonator transmits a linearly polarized wave in the boresight direction. To generate circularly polarized radiation from a linearly polarized DRA requires radiating two fields having equal (or nearly equal) amplitudes and being in phase quadrature, which will give circular polarization when being combined [13, 14] . The geometry of the proposed source of excitation XDRA is optimized numerically so that the two arms of the cross radiate fields which are equal in amplitude (or near equal) and 90 degrees out of phase. Figure 3 demonstrates a parametric study of the AR with different length to width ratios of the XDRA. The optimum AR ratio is found when the length to width ratio is 1.46 corresponding to the L c = 3.5 mm and W c = 2.4 mm. An analytical study based on empirical equations for rectangular DRA has been done to estimate the resonant frequencies and factor of quality Q and exciting modes for each rectangular constituted the optimized XDRA. Some results obtained in this study are summarized in Table 2 . It is then expected that by carefully adjusting the lengths of the two arms of the XDRA to be different and with a proper length ratio, two orthogonal TE 11 modes are simultaneously excited, at two different frequencies: 58.4 GHz and 60.1 GHz, with equal amplitude (or near equal) and 90 degrees phase difference, thus circularly polarized radiation.
It will be noted that when the two rectangular resonators radiate nearly equal amplitude, we define the polarization to be nearly circular. By characterizing the radiation in terms of the axial ratio, to generate an ideal circularly polarized signal, this value must be equal to 0 dB. Generally, for circularly polarized signal, an axial ratio of less than or equal to 3 dB is considered as an appropriate value.
In the literature, various methods are available for the analysis of a coupled dielectric resonator antenna, namely the cavity model, transmission line model and hybrid approach. This contribution presents a simple approximate model based on the determination of the antenna input impedance [15] [16] [17] . First, the equivalent circuit of the structure is determined, and then, the constituent impedances of the circuit can be calculated.
The equivalent circuit of the microstrip-slot coupled cross dielectric resonator antenna is shown in Figure 4 .
The XDRA is modeled by an admittance Y XDRA , the slot modeled by admittance Y slot , and the microstrip line, which ends with an open equivalent impedance circuit (stub) of length L stub , modeled by Z l . The coupling between the microstrip line and the slot is represented by the transformation ratio N . 
By using the relations that can be found in [20, 21] , the elements of RLC equivalent parallel resonant circuit of the resonator cross when being coupled to the excitation can be easily deduced.
where S 11 is the reflection coefficient, Z 0 the characteristic impedance, Q the quality factor calculated in the previous section, and n the coupling ratio between the DR and the excitation source. The second step is to determine the input impedance of the slot. The rectangular slot in the ground plane can be modeled by two transmission lines, short-circuited to the length L s /2. As a consequence, the admittance of the slot is expressed as:
where Z c , β f and L s are respectively the characteristic impedance, wave number and length of the slot.
The last step involves modeling the microstrip line which ends with open equivalent impedance:
where Z cl and β l are the characteristic impedance and wave number of the line microstrip feed. The input impedance Z in of the structure shown in Figure 4 can be expressed as:
The transformation ratio N is given by the ratio between the discontinuity of the voltage on the line and the voltage on the slot assuming that the slot is thin; the following approximation can be used:
where W feed is the effective width of feed line and h the height of substrate. It should be noted that all equations previously cited from Eqs. (5) to (8) can be found in [15] [16] [17] [18] [19] .
Once the geometry and equivalent circuit of the excitation source have been determined, we can pass to the choice of the EBG superstrate.
FSS Superstrate
The second phase of designing an EBG resonator antenna is the characterization of the upper interface. The structure which must assume the role of the partially reflective surface is designed to achieve a high gain and wide bandwidth.
The used FSS surface is composed of a 1D square patch with size = 1.2 mm and periodicity p = 2 mm ( Figure 6 ). To determine the reflective properties of the studied structure, it is sufficient to illuminate one unit cell of this structure by a plane wave. The simulated reflection (S 11 ) and transmission (S 21 ) responses of the FSS superstrate unit cell are shown in Figure 7 . The height of the proposed EBG antenna which is considered as a Fabry-Perot resonator can be calculated using the following equation [22] .
where c is the velocity of light 3.10 8 m/s, f the operation frequency, Φ Gnd the reflection phase of the lower interface, and Φ FSS the reflection phase of the superior interface of the resonator. From Figure 7 , at 61 GHz, the value Φ FSS is 177 • . As known, the ground plane is a perfect electric conductor; consequently, Φ Gnd is equal to 180 • . Using these phase values of the reflection coefficient, it becomes possible to calculate the height d s of the EBG antenna cavity using Equation (9) . d s is found to be 2.44 mm and because of manufacturing constraints, this value is chosen to be 2.5 mm. 
Simulations
With a suitable proposed design of the FSS superstrate placed at an adequate distance from a perfect electric ground plane, it is possible to improve the performance of XDRA in terms of bandwidth, gain, and efficiency. The simulated voltage standing wave ratios (VSWR) of the XDRA is compared with that of XDRA with FSS superstrate in Figure 8(a) . The matching frequency range of XDRA is found to be from 58.3 to 61.8 GHz (VSWR ≤ 2), corresponding to a bandwidth of 3.5 GHz (about 5.83% with center frequency at 60 GHz). The matching frequency range of the XDRA with superstrate is from 58.2 to 62.6 GHz (VSWR ≤ 2) corresponding to a bandwidth of 4.4 GHz (about 7.33% with center frequency at 60 GHz). The impedance bandwidth is therefore increased by 1.5%. It is expected that the bandwidth of the XDRA with FSS superstrate antenna will be higher than that of the XDRA only. The gain of the antenna with and without the FSS superstrate is calculated numerically using CST software and represented in Figure 8(b) . It is noted that the gain increases from 6.9 dBi to about 16.7 dBi after adding the FSS superstrate.
It is confirmed that adding superstrate FSS above dielectric resonator antenna can improve gain and bandwidth. The bandwidth has been increased by 1.5%, while the gain has been enhanced by approximately 9.8 dBi. The antenna radiation efficiency of XDRA with and without superstrate FSS is calculated numerically using CST software and represented in Figure 9 . It can be noted from the results that the highest radiation efficiency (∼ 85%) is obtained at 59 GHz. The radiation efficiency increases by approximately 10% at 59 GHz after adding the superstrate. The increased efficiency is considered to be a result of the increase in the antenna gain because of the direct proportionality between the gain and efficiency.
MODAL ANALYSIS OF THE EBG ANTENNA
In this section, a fast analytical solution for the far-field radiation of a dielectric resonator antenna covered with a FSS superstrate is introduced. The proposed analysis method is based on three consecutive steps. A self-explaining flowchart describing step-by-step the proposed analysis method is presented in Figure 10 . The modelling technique employed in this work is similar to the method of transverse equivalent network (TEN) used for the analysis of a leaky-wave antennas (LWA) [23, 24] . This method provides a quick way to predict the behaviour of the complex propagation wave number constant k y = β − jα within the cavity where β stands for the propagation or phase constant, and α is the attenuation rate, due to the radiation or leakage induced by the LWA.
Reduced Equivalent Circuit
To analyze the cavities and deduce their radiating characteristics, the equivalent model of the transverse FP antenna is used and shown in Figure 11 . The reduced equivalent circuit consists of three impedances [25] ; the first one on top corresponds to the Z up
where Z rad corresponds to the environment where the radiated energy propagates and expresses differently if dealing with TE or TM modes, for the case of free-space propagation:
μ 0 is the permeability, ε 0 the permittivity, and η 0 the intrinsic impedance of free-space. The second impedance considered in the equivalent circuit is the one corresponding to the frequency selective surface named Z FSS . To calculate this impedance, a finite integration technique (FIT) [26] is used.
where Γ is the reflection coefficient of the FSS layer.
The impedance represented at the bottom of Figure 11 corresponds to Z down . Basically, it is the ground plane impedance transported to the second surface. Using the equivalent resonator modeling presented in the previous section, the equation of this translation of impedance can be easily calculated:
Once all impedances have been calculated, the transverse resonance technique can be applied from the equivalent network of the total structure shown in Figure 11 . When the TE polarization is considered, the transverse resonance technique function is expressed as follows:
It can be appreciated that each element included in the TEN is a function of k y .
Dispersion Diagram
The condition verified by Eq. (15) is used to determine and plot the radiation dispersion diagram of Figure 12 , which demonstrates the evolution of the normalized phase β/k 0 and leakage constants α/k 0 with frequency. An approximate solution for this equation can be found with Newton-Raphson interpolation method for the phase and attenuation constants. In our case (one dimensional LWA), the frequency which satisfies the relation β = α is defined as the cutoff leakage frequency at 60 GHz. The cutoff regime covers frequencies which satisfy β < α, and the leaky wave mode starts propagating above the cutoff frequency. After the complex propagation wave number constant k y = β − jα has been determined, one can calculate the radiation pattern.
Radiation Pattern
In order to obtain the radiation pattern for the structure shown in Figure 11 , the leaky-wave antenna can be modeled as a phased array antenna composed of the same number of FSS unit cells along the y-axis of the wave propagation. Figure 13 shows a LW antenna configured as a linear array fed continuously solely at one end of the structure with magnitude (I n ) and exponential phase (ξ n ) function.
The phase constant β, which determines the angle of the leaky wave antenna radiation θ in plane ZY , can be expressed by the formula:
Noting that the unit cells of such structures are electrically small, the array factor approach demonstrated in [27] has been used. Under this approach, each FSS element was considered as a Figure 13 . Array factor approach principle.
point source (isotropic radiator), fed with a current with magnitude I n = I 0 e −α(n−1)p and exponential phase ξ n = −(n − 1)k 0 p sin θ 0 , where α is the attenuation constant calculated in Section 3.2. Then, the total far-field radiation pattern R(θ) is approximated by the array factor function:
I n e j(n−1)k 0 p sin θ+jξn (19) where N represents the number of the FSS unit cells along the y-axis and p the dimension of each unit cell. The results of this section were obtained for TE leaky-wave modes (H-plane). However, changing the equations of the impedances in the equivalent network yields the TM modes (E-plane).
ANTENNA PERFORMANCE
In order to validate the analytical and simulated results, a prototype of the proposed antenna of Figure 1 has been fabricated and tested. A picture of the physical device is shown in Figure 14 . Figure 14 . Photograph of the proposed antenna. Figure 15 (a) shows a plot of measured reflection coefficient S 11 as a function of frequency. For comparison and verification reasons, numerical simulations are also plotted using CST microwave studio, which is based on the FIT method. As can be observed, the operating frequency band of the proposed EBG antenna extends from 56 GHz to 63 GHz, corresponding to a bandwidth of 11.7%, wide enough to cover the unlicensed ISM band. Two resonances can be clearly seen: the first, in proximity of 57.5 GHz, is caused by the excitation of the TE 11 mode of the DRA, and the second one, near 61 GHz, is caused by the slot radiation.
One can note that there is a frequency offset about 1.3 GHz, between the simulated and measured results, especially near the first resonance frequency (57.5 GHz). This shift is caused by the combined effect of manufacturing defects, connector and Rohacell foam losses. The measured and simulated EBG antenna gains versus frequency are depicted in Figure 15 (b). A peak gain of 16.7 dBi is achieved at 60 GHz, with a difference of 3 dB between the lowest and highest values, and the minimum gain is about 13.7 dBi at 62 GHz. It can also be pointed out that the gain shows good stability over the matching frequency band from 56 GHz to 63 GHz. The 3-dB axial ratio, presented in Figure 16 , exhibits a bandwidth of 5.4%, from 58.9 to 62.1 GHz, with a minimum about 1.3 dB around 62 GHz. The measured and simulated E and H plane radiation patterns at 61 GHz are shown in Figure 17 (a) and Figure 17(b) , respectively. These results show that the proposed antenna has both highly directional main lobe and a high gain.
The maximum gain is achieved at 60 and 61 GHz where it reaches 16.7 dBi. These results correspond to the set objectives for a highly directional 60-GHz millimeter-wave antenna. It can also be observed that the measured radiation patterns are in good agreement with simulated and analysed ones. Table 3 presents a summary performance comparison between the proposed EBG antenna and some other existing 60 GHz high gain antennas in terms of axial ratio band, bandwidth, maximum gain, efficiency and size. It can be concluded, from the results in the table, that the proposed EBG antenna not only has wider AR band, but also exhibits high gain, very high efficiency and broad impedance bandwidth. It also has the advantage that it can be easily fabricated if accuracy in geometry is preserved at all time. 
CONCLUSION
This work presents a novel approach to improve the radiation properties of circular polarization EBG antennas using combination between dielectric resonator and FSS superstrate. The following contributions, in the area of Fabry-Perot leaky wave antenna, are presented. The introduction of a new design of EBG antenna is characterised by a high gain and broadband circular polarization at millimeter-band, when a cross DRA is used to generate a circular polarization radiation. However, the DRA gain and bandwidth are improved by using an adequate FSS superstrate.
Very simple analytical formulas were developed to derive the radiation properties of the proposed antenna. The transmission line theory and transverse equivalent network (TEN) were used to predict the far-field radiation pattern for a dielectric resonator antenna covered with a superstrate. This technique has been found highly relevant for the analysis of the proposed antenna, and its major advantage is having very fast analysis speed compared to other simulation techniques and full-wave analysis which are inappropriately slow and require a lot of computational efforts.
A physical prototype has been manufactured using printed circuit technology, and a good agreement among analytical, numerical and measurements results is observed. A bandwidth in excess of 11.7% is achieved from 56 to 63 GHz, and a peak gain of 16.7 dBi is obtained at 60 GHz, mostly constant across all the operating band. The AR bandwidth was found to be about 5.4%, better than other cases with more sophisticated designs using sequential excitations. The proposed antenna with enhanced performance is suitable to be deployed in complex media such as underground communications systems.
